Climate, soil and tree water status, fruit yields and quality of 'Valencia' orange trees were monitored over five consecutive seasons (2007)(2008)(2009)(2010)(2011)(2012) to study the effects of irrigation placement or volume. Three irrigation treatments were imposed: conventional irrigation (CI, 100% of crop evapotranspiration on both sides of the rootzone), partial rootzone drying (PRD, 50% of CI water only on one alternated side of the rootzone) and continuous deficit irrigation (DI, 50% of CI water on both sides of the rootzone). Yield parameters were generally not affected by PRD, and only yield per tree was lower in DI than CI trees. Fruit size and juice content were also reduced by DI, and not by PRD. Both PRD and DI increased juice soluble solids and acidity, vitamin C and carotenoid concentrations, as well as fruit, juice and sugar productivity per unit of irrigation water. Overall, the straight reduction of irrigation volumes by ~55% (DI) induced an average of 4.4% leaf dehydration, which caused significant fruit size reductions and a 3.4% reduction in juice yield, corresponding to a loss of about 2.6 tons of juice and 261 kg of sugars per hectare and year. On the other hand, water savings of about 2 mega liters per hectare and year with PRD caused a mild 2.3% leaf dehydration and mainly fruit quality improvements, indicating that PRD is a sustainable irrigation strategy for 'Valencia' orange.
Introduction
Cultivation of fruit trees in semi-arid regions of the Mediterranean is often characterized by high evapotranspirative demand by the atmosphere and limited water availability in the soil. For these reasons, exploiting novel irrigation strategies that can maximize crop water use efficiency is crucial for citrus fruit production.
In fruit trees, regulated deficit irrigation (RDI) has proved to be a powerful tool to reduce shoot growth, improve fruit quality, and save irrigation water by imposing moderate levels of plant water stress during specific stages of crop development [1, 2] . Results of RDI experiments have been promising in certain regions and for some fruit crops, such as peach [3] [4] [5] [6] , pear [7] [8] [9] , French prune [10] , almond [11] [12] [13] , pistachio [14] [15] [16] , apricot [10, 17] , and olive [18] [19] [20] . In citrus, yield is often proportional to vegetative growth, which makes the control and regulation of water deficit quite complex. Indeed, RDI studies have often documented significant fruit drop or reduced final fruit size and yields, depending on the severity or period of deficit imposition [21] [22] [23] . On the other hand, longterm RDI studies have reported increased water use efficiency in oranges [24, 25] . Despite some encouraging results, RDI remains a complex management practice for most farmers as it tightly depends on climate variables and relies on precise and expensive tree water status measurements.
Partial rootzone drying (PRD) is an irrigation technique that was originally developed for grapes in Australia, with the primary aim of reducing the amount of water used for irrigation [26, 27] . With PRD, only one half of the rootzone is irrigated, whereas the other half is exposed to drying soil. This induces roots to produce abscisic acid (ABA), which is translocated to the shoots, inducing partial stomatal closure, and ultimately increased water use efficiency [26] . The irrigated half of the rootzone allows for adequate levels of plant water potential [28] and satisfactory rates of the metabolic and physiological processes associated with water stress [26, 29] . The technique relies on cyclical wetting and drying of parts of the rootzone in order to maintain root-derived ABA signals [30] .
The impact of PRD has been extensively investigated in grapevines [29, [31] [32] [33] and, to a lesser extent, in other woody perennials (e.g., olive [34] and apple [35] ). In citrus, water savings by PRD have generated contrasting results. In particular, some PRD studies show reduced tree growth, fruit size and yield in response to insufficient amounts of water [23, [36] [37] [38] . Other PRD works suggest that yields and crop loads can be maintained to control levels in orange, grapefruit and lemon trees [39] [40] [41] [42] .
Size, rind appearance, and internal maturity are the major quality parameters for citrus fruit, and these variables are strongly influenced by irrigation management [43] . Sensitivity to water deficit may vary according to phenological stages, and can be managed to improve fruit quality [44, 45] . If water deficit is applied during stage II of development (fruit growth by cell enlargement), a subsequent rehydration due to winter rainfall may result in no significant changes of final fruit size [46] . Reducing water supply during the initial and final stage of fruit development will delay size increases in lemons, despite the final yield being unaffected [47] . Reduced water supply, particularly during late fruit development, is associated with higher total soluble solids and titratable acidity, and reduced juice content [21, [48] [49] [50] [51] . Recently, it has been shown that deficit irrigation increases flavonoid content in the juice of 'Valencia' oranges [52] .
However, the use of PRD in late-ripening 'Valencia' orange trees, and specifically its effect on fruit and juice quality, has not been extensively investigated as there is a lack of understanding of fruit quality modifications in response to seasonal drought stress. Data presented in this study are part of a long-term project on deficit irrigation in 'Valencia' orange. Results of physiological parameters measured on the same trees under the same treatments were reported in Mossad et al. [53] . The objectives of the present study was to determine the yield and fruit quality responses of 'Valencia' orange trees to long-term PRD and continuous deficit irrigation under typical Mediterranean field conditions.
Materials and Methods

Experimental Site
The experiment was performed in an experimental plot of the Department of Agricultural, Food and Forest Sciences, University of Palermo, Italy (30.06N, 13.21E, and 31 m a.s.l.) using adult orange trees (Citrus sinensis, cv Valencia). The trees were grafted onto sour orange (Citrus aurantium, L.) rootstock, spaced at 4 × 4 m, and trained to a raised (0.8 m from the ground) globe canopy reaching 2.5-3 m in height. The study considered five crop seasons starting in spring 2007 and ending with the harvest of the fifth crop in spring 2012. Typically, the 'Valencia' orange trees at the experimental site bloom in the month of April and produce mature fruits after 380-400 days. The soil was a loam (52% sand, 29.1% silt, and 18.9% clay) with 0.239 m 3 m −3 water content and −12.9 kPa water potential at field capacity (FC).
All trees were equally fertilized with complex solid fertilizers (11N:22P:16K at the rate of 1.5 kg/tree) once a year in winter and soil was regularly tilled to control weeds. Irrigation was provided by a single line per tree row and two micro-sprinklers per tree located at about 1 m from the trunk and 0.5 m from the ground. Micro-sprinklers with 360° circular spray pattern and delivery rates of 183 L h −1 (2-mm diam) and 386 L h −1 (3-mm diam) were connected to PVC lines using 5-mm diameter polyethylene tubing of various length and wood sticks to switch the portion of rootzone to be irrigated.
Irrigation Treatments and Experimental Design
In June of each year, three irrigation treatments were imposed, (1) control irrigation (CI), delivering 100% of crop evapotranspiration (ETc) on the entire rootzone with two 3-mm-diameter sprinklers per tree; (2) partial rootzone drying (PRD), delivering about 50% of CI water only on one alternated side of the rootzone with one 3-mm-diameter sprinkler per tree; (3) continuous deficit irrigation (DI), delivering about 50% of CI water on the entire rootzone with two 2-mm-diameter emitters per tree. Interval (1-5 days) and duration (40−120 min) of irrigation events were adjusted to maintain soil moisture above 80% of field capacity (−50 kPa) in the rootzone of CI trees, while avoiding wetting of the dry sides of PRD trees. In PRD trees, the wet and dry sides of the rootzone were switched every 2-3 weeks when soil water potential in the dry side reached approximately −150 kPa. The experimental design included four random blocks, each with four trees per irrigation treatment, for a total of 48 trees of similar size.
Soil, Plant and Atmosphere Water Status
Weather parameters were recorded continuously with two μMetos stations (Pessl Instruments, Austria) located in the experimental plot. Data were used to calculate daily reference evapotranspiration (ET0) according to the FAO Penman-Monteith equation. Daily ETc was determined using a Kc set to 0.7 from October through May and to 0.65 from June through September, due to the specific soil management, weather conditions and the long 'Valencia' fruit growth period [54] .
Twelve Watermark sensors (Irrometer Co., Riverside, CA, USA) directly connected to the weather station were positioned at about 80 cm from the sprinklers, 1 m from the tree trunk and at a depth of 45 cm, and used to monitor soil water potential (SWP).
Leaf relative water content (RWC) was monitored every two weeks during the irrigation period and at longer intervals during rainy periods. It was estimated as [(FW − DW)/(TW − DW)] × 100, where FW is the leaf fresh weight, TW is the leaf weight at full turgor, and DW is the leaf dry weight.
Yield and Fruit Quality
Each year, harvest time was determined by monitoring sugar and acid content, and fruits were harvested in 2-3 picks within the first three weeks of May. The fruits of each tree were weighed and counted directly in the field. Trunk circumference was also measured above the graft union each year before harvest and trunk cross-sectional area (TCSA) was used to calculate yield efficiency (kg of fruit per cm 2 TCSA) and cropping efficiency (number of fruits per cm 2 TCSA).
At every pick date, a sub-sample of 10 fruits were collected randomly from each tree and brought to the laboratory. In the laboratory, each fruit was weighed, measured in height and width, and photographed with a Nikon Coolpix L10 digital camera under controlled light conditions. Digital images were used to determine the intensity of the peel color in each fruit using an algorithm developed with MATLAB ® software (The MathWorks Inc., Natick, MA, USA) that converts images from RGB to CIE 1976 L*a*b format, extracts the fruit from the image (removing the image background) and quantifies color characteristics as the weighted distance of each pixel in the image from a reference sample (best colored area interactively chosen from a well-colored fruit). The output is an index ranging from 0 (no orange) to 1 (full orange).
The juice was extracted from each fruit with a reamer juicer and weighed to determine juice yield as a percentage of total fruit weight. Total soluble solids (TSS) were measured in the juice of each fruit using a digital refractometer (Atago Co., Ltd., Tokyo, Japan). Juice pH and titratable acidity were determined using a compact titrator (Crison Instruments, SA, Barcelona, Spain) and acidity was expressed as grams of citric acid per 100 ml of juice. All measurements were performed at room temperature. Juice water content was also measured by evaporating pre-weighed amounts of juice at 60 °C.
Only in 2010, total carotenoid and vitamin C contents in the juice were also measured. Vitamin C was determined as the amount of ascorbic acid using a L-ascorbic acid test kit (Boehringer Mannheim-R-Biopharm, Roche, Germany), according to the manufacturer's protocol. Total carotenoids were determined by UV-visible spectrophotometry using a Beckman DU-640 spectrophotometer (Beckman Coulter, Inc., CA, USA) as described in Arena et al. [55] .
Leaf Nutrients
During the 2010-2011 cropping season, leaf nutrient level was determined by foliar analysis. For this purpose, six-month-old leaves were collected from the mid portion of four representative nonbearing shoots (one on each side of the canopy) from each tree in the trial. Leaves were sampled five times on 15 June, 7 July, 9 August, and 14 September 2010, and on 14 March 2011. Leaves were dried at 60 °C for 48 h, ground to powder using a mill grinder and stored in plastic vials for nutrient quantification. Total nitrogen was determined by the Kjeldahl digestion method [56] . Macro-and micro-nutrients were quantified by atomic absorption after mineralization [57] . Phosphorus was determined colorimetrically as described in Fogg and Wilkinson [58] .
Data Analysis
Yield and fruit quality data were compared by two-way analysis of variance (ANOVA) with year and irrigation as main factors, block as replicate factor, and year × irrigation as the only interaction. Vitamin C and carotenoids were compared by one-way ANOVA with irrigation as the main factor and block as a replicate factor. Leaf nutrients were compared by two-way ANOVA with sampling date and irrigation as the main factors, block as replicate factor, and date x irrigation as the only interaction. Fruit quality data were not analyzed using crop load or yield as a covariate as any possible difference in fruit number or yield would be due to irrigation treatments. When appropriate, means were separated using Tukey's multiple range test (p < 0.05). All described statistical tests were performed using R procedures (The R Foundation for Statistical Computing, Vienna, Austria). Results were plotted using Sigmaplot (Systat Software Inc., Richmond, CA, USA).
Results and Discussion
Climate, Irrigation Volumes, and Soil and Plant Water Status
In all five years, evapotranspirative demand was highest during the dry season, i.e., in June, July and August (Figure 1 ). The rainfall of 2009 was the greatest, although 30% of annual rainfall was concentrated in January and February, long before the irrigation season started, and 43% between mid-September and the end of October, after the irrigation season was over (Figure 1 ). Due to scarce winter rainfall and climate trends in 2008 and 2011, irrigation events started a few days earlier compared to the other seasons (Figure 1 ). Relevant and frequent precipitations resumed earlier in 2009 than in the other seasons. As a consequence, the 2009 irrigation season was a few days shorter than the other seasons. A five-year average of 360, 160, and 163 mm was applied with CI, PRD and DI, respectively, yielding water savings of about 55-56% with the deficit irrigation treatments. Irrigation by the micro-sprinkler system and volumes applied in each event allowed for a good separation of wet and dry sides of the rootzone in PRD and no significant transfer of moisture to the dry side occurred on the days of irrigation. Across the five irrigation seasons, the SWP of the CI treatment showed moderate fluctuations due to wetting and drying cycles between consecutive irrigation events, staying generally above −50 kPa (about 80% of field capacity). On the other hand, the SWP of PRD and DI reached negative peak values of over −180 kPa, averaging −75 and −89 kPa, respectively, across the five irrigation seasons.
Average leaf RWC over the five irrigation seasons was 87.5, 85.2, and 83.1 in CI, PRD and DI trees, respectively, indicating an intermediate level of water deficit in PRD trees in between CI and DI trees. The resulting improved water status of PRD trees compared to DI trees may be explained by the changes in tree water use efficiency induced by the drying soil on one portion of the rootzone (i.e., root ABA and cytokinin synthesis, xylem sap pH changes, partial stomatal closure, as well as less soil wetted surface and water loss by evaporation). More detailed information and considerations about the effects of the same treatments on soil and tree water status were described by Mossad et al. [58] .
Yield and Fruit Quality
Yield responses of 'Valencia' trees to irrigation followed similar alternating trends during the years of observations, as indicated by the lack of interaction between year and irrigation ( Figure 2 ). Yield, crop load, yield efficiency and cropping efficiency of 2009 and 2011 were lower than those of 2008, 2010 and 2012. Yield parameters were generally not affected by deficit irrigation, only yield per tree was lower in DI than CI trees (Figure 2A) . Interestingly, crop load and especially cropping efficiency were similar in all treatments, including DI. This general lack of irrigation effect agrees with previous observations on drip-irrigated 'Tarocco' [42, 59] and navel oranges under PRD [60] , and 'Navelina' oranges under DI [25] , but is apparently inconsistent with other studies in citrus where yields were reduced by deficit irrigation [21, 23, 36, 44, 61] . Fruit weight was generally inversely related to yield per tree across years, and CI fruits were bigger than DI regardless of the year, whereas PRD fruit weight was intermediate ( Figure 3A) . Indeed, 'Clementina de Nules' yield reductions under deficit irrigation have been associated with either increased fruit drop in the case of early deficit, or reduced fruit size in the case of late deficit [21] . In our 'Valencia' orange trees, DI and PRD strategies induced no significant fruit drop ( Figure  2B ) and fruit size reductions only in DI trees ( Figure 3A) . Evidently, fruit size effects are responsible for DI yield reductions, while they were not sufficient to cause significant yield reductions in PRD trees. On the contrary, Treeby et al. [37] reported significant size reductions of navel oranges in response to both PRD and reduced irrigation volumes. In addition, Consoli et al. [42] reported fruit size reductions of 'Tarocco' orange in response to PRD. This discrepancy may be in part justified by the fact that the fruit growth period is longer in 'Valencia' (up to 400 days) than in navel or 'Tarocco' oranges and, as a consequence, deficit irrigation was imposed at different growth stages in the three cultivars. In particular, PRD was imposed during mid to late stage II (middle to end of cell enlargement) of fruit growth in the navel and 'Tarocco' oranges, while we imposed PRD at an earlier growth stage of 'Valencia' oranges. Water deficit at final cell enlargement (i.e., 'Tarocco' and navel oranges) has a more direct and marked effect on final fruit size than water deficit at the end of stage I or beginning of stage II (i.e., 'Valencia' oranges). Indeed, our 'Valencia' trees had a longer time under rainy months (fall and winter) than navel or 'Tarocco' oranges to recuperate any possible growth loss before harvest.
Juice TSS was higher in PRD and DI fruits than in CI fruits, regardless of year ( Figure 3B ), whereas juice of DI and PRD fruits showed higher TA than juice of CI fruits in all years except for 2010 and 2012 ( Figure 3C ). Increased juice TSS and TA in response to water deficit is a very well established response in citrus, particularly when water deficit is imposed during the entire season [23] or during mid to late fruit growth [21, 42, 44, [48] [49] [50] . The sugar acid ratio was generally unaffected by irrigation and lowest in 2011 and 2012 due to TA increases ( Figure 3D ). Fruits of DI trees also yielded less juice than fruits of CI trees in 2009 and 2012 ( Figure 4A ). Similar reductions of juice yield have been reported in 'Tarocco' [62] and 'Lane late' [51] orange under deficit irrigation and are consistent with straight irrigation volume reductions. Although PRD trees received the same irrigation volume as DI trees, juice yield of PRD trees was intermediate between CI and DI and not significantly less than the juice yield of CI trees. This may be explained by the fact that PRD trees experienced less water deficit than DI trees, thanks to the irrigation placement effect induced by the PRD technique. Regardless of year, there was no significant irrigation effect on fruit specific weight ( Figure 4B ) and peel color ( Figure 4C) , although CI and PRD fruits tended to be better colored than DI fruits. A decrease of peel color in response to PRD or DI has been reported in orange fruits [52, 62] , suggesting that a certain degree of water deficit during mid to late fruit development stages may either worsen final fruit quality or simply delay fruit maturation. In 2010, the juice concentration of total carotenoids and vitamin C was higher in DI fruits than in CI fruits, and intermediate in PRD fruits (Table 1) . This was not due to fruit dehydration as using percent juice water content as a covariate in the analysis did not cancel differences in carotenoids or vitamin C (data not shown). On the contrary, if total carotenoids and vitamin C were expressed on a per fruit weight basis, those differences were canceled indicating that they were due to differences in fruit and juice yield. Our results agree with those found by Yang et al. [63] in 'Newhall' navel oranges. Other studies have reported no effect of deficit irrigation on vitamin C concentrations [25, 62] or even a negative effect of water stress on juice vitamin C in navel oranges [64] . In this case, the discrepancy with our results may be explained by the degree of dehydration experienced by trees and/or the timing of water deficit application with respect to fruit growth stage, water deficit being, in many cases, detrimental at later stages of fruit growth or during maturation. Sugar yield expressed in tons per hectare was similar for all irrigation treatments in all years except 2012, when it was higher in CI than in PRD and DI trees ( Figure 5A ). This is entirely due to differences in fruit yield rather than TSS. When testing for differences in irrigation water productivity, year and irrigation treatment always interacted. Specifically, from 2008 to 2010, fruit, juice, and sugar production per unit irrigation water were higher in PRD and DI trees than in CI trees (Figure 5 B, C, and D) . On the other hand, no difference in fruit, juice, or sugar production per unit irrigation water was observed in 2011 and 2012. The latter seems to be explained by a slight increase of fruit and juice yield in CI trees (especially in 2012) rather than to a decline of fruit yield and/or quality by deficit irrigated trees in the last two years of the trial. In the 2010-2011 cropping season, leaf N content was similar in all irrigation treatments at the beginning of the irrigation season (early summer) and right before harvest (April 2011), while it tended to be higher in CI trees than in deficit irrigated trees in August and September ( Figure 6A ). A similar difference was observed only in July for P ( Figure 6B ), whereas K and Ca were higher in CI than in DI trees right before harvest ( Figure 6C and D). No significant difference among irrigation treatments was detected for Mg ( Figure 6E ). As for leaf micro-nutrients, PRD significantly increased Na at the beginning and end of the irrigation period, while DI increased Na only before fruit harvest ( Figure 7A ). Leaf Cu was generally decreased by deficit irrigation treatments in July and August ( Figure 7B ), whereas Fe was increased by PRD in June and August and by DI right before harvest ( Figure 7C) . No significant effect of irrigation on leaf Mn was detected ( Figure 7D ). In 'Tarocco' orange, leaf nitrogen content was reduced by DI and PRD, whereas P, K and micronutrients, in most cases, indicated opposite trends [65] . In the Swingle Citrumelo rootstock, total leaf N and K contents were not affected by PRD, but increased by DI [66] . In our case, the lack of generalized and consistent nutrient decrease under deficit irrigation may be in part explained, at least for N and P, by the Birch effect, according to which wetting (for example with fall and winter rainfall) of previously dry soil favors N and P release [67] . Another explanation for this lack of consistent differences is the fact that our trees were fertilized in winter with complex solid fertilizers, so the effects of the irrigation volume/placement may become less evident.
Conclusions
Overall, our observations show that final yields of 'Valencia' orange trees under the Mediterranean climate of Northern Sicily were only affected by continuous water deficit and not by PRD irrigation. Indeed, the straight reduction of irrigation volumes by 55% (DI) over conventional irrigation induced an average 4.4% loss of leaf hydration, causing significant reductions of final fruit size and most importantly an average of 3.4% reduction of juice yield, corresponding to a loss of over 2.6 tons of juice and about 261 kg of sugar per hectare and year. On the other hand, water savings of about 2 mega liters per hectare and year with PRD caused a mild 2.3% leaf dehydration over CI and limited yield losses along with fruit quality improvements. This provides clear evidence of the advantage of adopting a PRD strategy for juice orange production in semi-arid areas. Although the PRD irrigation layout is associated with significantly higher (nearly double) costs of the irrigation system due to doubling of irrigation lines, water savings of about 2 mega liters per hectare along with fruit quality (mainly sugars) improvements may be a viable tradeoff for the higher initial expenses, especially in areas where water is limited and/or expensive to the growers. Indeed, juice oranges are often paid to the growers by the weight and sugar content, and, in a few cases, also by the juice yield.
Yield, juice and sugar losses caused by DI were in part compensated by water savings associated with a 55% reduction of irrigation volumes. Indeed, important reductions of irrigation volumes (55% in DI and 56% in PRD) at the early cell enlargement stage of 'Valencia' fruit determined significant increases in water use efficiency over CI in both deficit treatments, and specifically in PRD (improved fruit quality) thanks to the irrigation placement effect. This translated into more grams of fruit, juice, or sugars per liter of irrigation water in DI and PRD indicating that withholding water, especially by the PRD technique, may be beneficial to the economy of Mediterranean citrus farmers. Future studies will have to explore in more detail the nutritional status of trees under PRD and deficit irrigation in general, as well as conduct site-specific economic analysis to evaluate where and when applying PRD irrigation strategies at a commercial scale may be viable to growers. 
